One of the most common sources of noise complaints around Army and Marine firing ranges is nighttime gunfire. Testing and training during the hours of darkness is absolutely essential to combat readiness. However, sound travels farther at night, and people are particularly sensitive to noise when they are trying to sleep. Currently, installation commanders are without a procedure to determine whether a particular operation is going to disturb sleep. The purpose of this research is to develop such a procedure.
Introduction Background
A potential cause of noise complaints around Army and Marine firing ranges is nighttime gunfire. Testing and training during the hours of darkness is absolutely essential to combat readiness. At the same time, sound travels farther at night, and people may be particularly sensitive to noise when they are trying to sleep. In response to actual or potential complaints about nighttime gunfire, a number of installations have introduced nighttime curfews. These curfews require unit commanders to request a waiver from the installation commander if there is a need to train past the curfew hour. Currently, installation commanders are without a procedure to determine whether a particular operation is likely to disturb sleep and result in complaints. The purpose of this research is to develop such a procedure.
Two considerations should be made in determining the impact of blast noise at night: (1) Are people more annoyed at a given sound level when they experience the blast during the evening or during the night? and (2) At what sound level will a blast awaken people? Research conducted around military firing ranges in Sweden leaves open the possibility that evening hours are more critical for determining annoyance than night hours. Rylander and Lundquist 1 analyzed the annoyance of 399 persons who were living near 8 heavy weapons ranges and had stated that they were "a little," "rather," or "very annoyed" in response to a postal questionnaire. When asked about the time of day when they were most annoyed by the sounds of heavy weapons, about half chose the evening and about a third chose the night. About 10 percent stated that the shooting made it difficult to fall asleep and about the same percentage stated that the shooting resulted in awakening. Because Rylander and Lundquist did not have information on the number of blasts during the evening and night, their data cannot provide a definitive answer about the impact of blast noise at night.
Research has begun to determine the effect of blast noise on sleep. Definitive results will guide meaningful noise impact assessment protocols, and will ultimately provide decision support to command in scheduling night firing. This report presents the results of the first phase of that research.
Objective
There were two objectives for the first phase of research. The primary objective was to establish whether a commercially available instrument for measuring sleep disturbance is suitable for measuring awakening among subjects exposed to the sounds of heavy weapons while sleeping. The secondary objective was to determine if there is a time "window" when people are less sensitive to blast noises, as in a German study of sleep disturbance from 120-mm tank gunnery noise. 2 Achieving these objectives will provide a foundation for the second phase of research, which will study sleep disturbance in communities located near tank or artillery firing ranges.
Approach
In this experiment, subjects wore a commercially available, wrist-mounted motion detector while sleeping in the Hostile Environment Simulator (HES) chamber operated by the Human Research and Engineering Directorate (HRED) of the Army Research Laboratory (ARL). Subjects were tested in groups of four, over four sequential nights. Each subject slept in the HES chamber on an air mattress inside a single-person tent. On Monday and Tuesday nights, subjects slept without exposure to any electronically reproduced acoustic signal. On Wednesday and Thursday nights, subjects were subjected to an electronically reproduced blast recorded from the firing of a 120-mm tank cannon. To check for changes in sensitivity during the sleeping hours, two blasts were presented at the rate of one pair per hour, beginning at 2300 and ending by 0500 (a total of 12 blasts). One of each pair was at a nominal peak level of 110 decibels (dB) and the other at a nominal peak level of 120 dB. The time of each event was chosen randomly so that in any given hour, the lesser blast had the same probability of coming first as did the greater blast. This study used two measures of sleep disturbance. The first was the occurrence of a button push indicating awakening within 15 seconds of the occurrence of a blast. The second was movement during the 15 second period following a blast (without movement during the 30 seconds before the blast.)
Mode of Technology Transfer
The results of this first phase of research will be used to plan a field study of sleep disturbance among people living close enough to artillery or tank gunnery ranges to be exposed to blast noise at linear peak levels of 115 dB or greater (measured outdoors) while sleeping in their own beds. 
ERDC/CERL TR-04-26 2 Literature Review
For over a quarter century, the U.S. Army has assessed the environmental impact of weapons noise on communities using the C-weighted day-night average sound level (CDNL). This method of assessing community annoyance was first recommended by the National Academy of Sciences-National Research Council Committee on Hearing, Bioacoustics, and Biomechanics (CHABA) in 1977. 4 An important feature of the CDNL is a 10-dB penalty adjustment to events heard between 2200 and 0700.
CHABA's decision on penalizing nighttime noise by 10 dB was based more on tradition than scientific data. The tradition came from early work on assessing the annoyance of military airfields 5 , and, for lack of a better number, CHABA retained the 10-dB penalty. In 1977, the decision to retain the traditional 10-dB night penalty had little consequence for the Army, because the volume of night fire was relatively low. By the 1990's, however, the availability of sophisticated night vision devices mandated a mastery of night firing at every level of Army training. Under the rules of CDNL, each round fired at night between 2200 and 0700 hours adds as much noise to the cumulative "noise dose" as ten rounds fired between 0700 and 2200. In an attempt to establish whether this penalty is too high, researchers analyzed self-reports from people living near a military installation 6 . One conclusion of that early study was that the nighttime penalty might indeed be too high.
Establishing the correct nighttime penalty became even more critical with the American National Standards Institute's (ANSI) publication of a revised proce- 
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5 dure for calculating the CDNL. 7 The revised procedure attempts to account for the fact that the annoyance of an explosion increases at a much higher rate with increasing decibels than does the annoyance of aircraft noise. In the ANSI revision, a 5-dB increase in the sound level of a blast equates to a doubling of perceived annoyance, whereas a 10-dB increase in the sound level of an aircraft flyover equates to a doubling of perceived annoyance. When applying these assumptions to the mathematical modeling of the annual cumulative exposure near Army training sites, a single high-level event during the night can dominate the calculation, introducing statistical uncertainty.
A study more supportive of the hypothesis that noise during the sleeping hours contributes less to total annoyance than noise during the waking hours was conducted at the Los Angeles International Airport (LAX). In an effort to reduce community annoyance, flights between 2300 and 0600 were eliminated. 8 In the LAX study, approximately 1400 interviews were conducted before, immediately after, and a month after the cessation of flights. Overall, almost 56 percent of the respondents replied that they had not noticed any change in number of flights; about 20 percent claimed that they noticed fewer flights, and about 20 percent claimed that they noticed more flights. Many of the respondents who claimed that there were fewer flights were in fact aware of the restrictions on night operations. A common comment was, "How could I have noticed? I was asleep." Although the CDNL was reduced, the annoyance stayed the same.
If, as the LAX study suggested, nighttime events that do not lead to awakening do not contribute to annoyance, then a blast occurring at times when people are normally asleep should not be included in the calculation of CDNL. To add a 10-dB penalty to an event that no one notices can only lead to erroneous predictions and defective environmental impact assessments.
There is a fairly large body of literature on sleep disturbance from aircraft noise, but very few studies on sleep disturbance from explosions. An important generalization from the studies of sleep disturbance from non-impulsive noise is the large disparity between thresholds of awakening established in a laboratory and 8 S. Fidell and G. Jones, "Effects of cessation of late night flights on an airport community," J. Sound and Vib. 42, 1975, 411-427. with subjects at home. 9 Also, people who live in the vicinity of airports have a higher threshold of awakening from flyovers than those who do not. An experiment by Whitehead and Hume 10 suggests that the higher sleep disturbance thresholds of people living near airports is due to both the security of sleeping in a familiar environment and being exposed to familiar intrusive sounds. Whitehead and Hume used four measures of sleep disturbance recorded from the brain (EEG), eye muscles (EOG), voluntary muscles (EMG), and heart (ECG) of 21 subjects, aged 22 through 37, sleeping in their own homes. None of these homes were in the vicinity of airports. When the experimenters introduced prerecorded aircraft noise events, average sleep disturbance was intermediate between laboratory and field data for the range of sound levels studied.
All of the published studies on sleep disturbance from impulse noise are laboratory studies, and most used simulated or real sonic booms. Thus, there is every reason to expect that the thresholds of awakening from familiar booms experienced by people sleeping in their own homes would be higher than observed in the laboratory. The only laboratory studies of awakening from tank gunnery are from the German sleep researcher, Barbara Griefahn, who used a high-quality video recorder to capture the sounds of the 120-mm tank cannon at 1.5 km behind the firing line. 11 The time history of Griefahn's shot is comparable to the time histories captured by CHPPM at 1 km behind 120-mm tank cannons. 12 Unfortunately, Griefahn did not publish the time history or spectrum of the stimulus presented over two loudspeakers and measured at the subject's head. The only descriptions of the reproduced tank shots were maximum A-weighted levels, 78 to 82 dBA. Presumably, "maximum A-weighted level" denotes Aweighted fast, because the values of 78 to 82 dBA fall in line with an empirically derived, best fit A-weighted fast equation from Buchta. 13 Buchta's best fit equa- where D is in meters At 1500 meters, Buchta's equations predict a linear peak of 120.4, an A-weighted fast maximum of 85.7, and an A-weighted slow maximum of 79.9. These are predictions of outdoor levels, so Greifahn's indoor measurements of 78 to 82 dBA are consistent with an outdoor-to-indoor attenuation of 4 to 8 dBA. This is a reasonable estimate of outdoor-to-indoor attenuation if one assumes that the subjects are sleeping with open windows; Meloni and Rosenheck estimated the outdoor-to-indoor attenuation for artillery blast noise to be about 7 dB for a Swiss house with open windows. 14 Using the same set of equations, the best estimate of the linear peak level at the heads of Griefahn's subjects is 111.7 to 115.7 dB.
In Griefahn's study 20 healthy and normal hearing subjects (10 female, 10 male, 20 to 30 years old) slept in the laboratory from 2300 to 0700 during 13 consecutive nights. The first three nights allowed subjects to adapt to the sleep environment. Beginning on the 4th night, 12 subjects were assigned to the "evening" group and 8 to the "morning" group. The evening group received 23 blasts randomly distributed between 2300 and 0200. The morning group received 23 blasts randomly distributed between 0400 and 0700. For each group, the stimulus set was repeated on the 7 th , 10 th , and 13 th night for a total of 1,840 trials across the total subject pool. About a quarter of these trials resulted in awakenings (as defined by EEG readings) and about 80 percent resulted in movement. 15 
For operators of heavy weapons ranges, the most important finding in Griefahn's studies was a greater likelihood of awakening between 0400 and 0700 than between 2300 and 0200. She concluded that mitigation to prevent community noise exposure to blast noise was especially critical in the early morning. This conclusion was further reinforced by measures of heart rate. Griefahn found heart rate increased half a second after the shot. The maximum was reached at 3 to 3.5 sec after the shot and averaged 13 beats per minute. The extent of the cardiac responses was significantly larger in the early morning than in the evening.
The older sonic boom studies contain a better description of the stimulus than found in the report from Griefahn. These older studies were conducted inside a special-purpose simulator installed at Stanford Research Institute (SRI). 16 To approximate the low frequency content of the spectrum of a sonic boom, the SRI researchers built a room within a room. The inner room was built as normal United States wood frame construction of 2-by-4 studs, 16 inches on center, with a wallboard interior. The outer room was much more solidly constructed and hermetically-sealed. One wall of the outer room contained a large rubber diaphragm driven by a cog-and-piston mechanism to mimic the pressure change and duration of a sonic boom. In short, rather than listening to a blast on a speaker system as was the case for Griefahn's subjects (and the subjects in our current study), the subjects in the SRI laboratory were, in effect, "inside the speaker cabinet." When compared with spectral analyses of real sonic booms recorded inside rooms, the simulated booms had most of the acoustic energy at the same 32-hertz (Hz) maximum. Although the lower frequency bands were about 10 dB low in the simulated booms, these frequencies would have been inaudible even if they were present.
One of the studies conducted by the SRI team confirmed what many parents of young children have experienced -young children are difficult to awaken. 17 Six persons aged 7, 8, 41, 54, 69, and 72 years old were exposed during 16 experimental nights to simulated sonic booms at a peak level of 123.6 to 135.5 dB as measured outdoors. The two senior citizens awakened to 43.5 percent, the mid- dle-aged pair awakened to 7.3 percent, and the children to 2.4 percent of the booms. Although the SRI team did not report the levels at the subjects' beds, those levels can be estimated from another 1972 study of age differences conducted with a clone of the simulator in which the indoor level was 17.7 dB below the outdoor level. 18 Assuming the same relationship would hold for the SRI study, the indoor peak levels for the 7 to 72 year old subjects are estimated to range from 105.9 to 117.8 dB.
The 1972 study also looked at the relationship between awakening and age. In this case, there were 24 male subjects; 8 subjects each were in groups aged 21 to 26, 40 to 45, and 60 to 72. Although the frequency of awakenings from all causes did increase with age, awakenings attributed to sonic boom did not increase with age. In fact, there were very few awakenings to sonic booms across the entire group. The linear peak level inside the bedroom was 110 dB. Although the simulated booms at a peak level of 110 dB had no effect on the overall patterns of sleep, they did produce measurable changes in heart rate and basal skin resistance. These changes increased with age.
In addition to an increased sensitivity with age, there is a gender-related sensitivity. The SRI team found women to be somewhat more likely to be awakened by sonic booms then men. 19 
The Study Test Equipment
During the planning stage of this research, it was clear that a field study could not employ complex equipment, such as an electroencephalogram (EEG) and other physiological measures, as were used in the studies reviewed earlier. 20 First, equipment is expensive to purchase. Second, it requires specially-trained technicians to operate. Finally, such equipment is so intrusive that people living near Army ranges would be unlikely to volunteer as subjects.
In field studies of sleep disturbance from aircraft funded by the U.S. Air Force, researchers employed wrist-worn motion detectors. 21 As a part of the primary objective, this study looked to establish whether such motion detectors would be effective for large weapons noise as well. Effectiveness was judged on the following criteria:
• The instrument had to be reliable.
• The instrument had to be user-friendly.
• The measures had to be sensitive enough to demonstrate a change in response for different blast noise levels (as had been demonstrated with EEG and other physiological measures).
Prior to beginning this study, ERDC/CERL purchased equipment from two competitors of the Mini Mitter Co., Inc. 22 In one case the instrument had a systematic 8-second timing error, which was inconsequential to its normal use in sleep research but unacceptable for the precise timing needed to track response to a 200-millisecond blast. In the other case, the company was unable to complete the promised "firmware" in time for the study. The HES chamber is windowless. Lights were turned off at 2200 and turned on again at 0600 hours. Temperature was kept at 70 0 F. Subjects entered and exited the HES chamber through an equipment control room. This control room was lighted, and the door was kept slightly ajar to provide dim light for subjects using the restrooms that were located outside the building.
Methodology

Acoustic Stimulus
The acoustic stimulus was reproduced from a digital recording made in August 1997 at Camp Shelby, MS, at a distance of about 1 kilometer directly behind a 120-mm tank gun. 23 The original impulse peak level was about 125 dB. In the HES, the blast was filtered to achieve an "indoor sound" as described by Meloni and Rosenheck. 24 This "indoor blast" was reproduced at two peak levels: 120 dB and 110 dB. These are nominal levels, because the room acoustics did not provide for the exact same level at all four tents. Actual levels were measured using Larson-Davis Laboratories Integrating Sound Level Analyzers (model 870) with condenser microphones (model 2541) and preamplifiers (model 900B). Subjects had a sound analyzer within 1 meter of their heads. Actual peak levels averaged 120.3 dB (standard deviation = 1.9) and 109.0 dB (standard deviation = 2.2).
Although the amplifier in the HES was powerful (50,000 watts) and the woofers were high quality, ordinary speakers cannot reproduce low frequencies with enough acoustic power to mimic the blast of a large gun. Figure 2 shows a comparison of the spectra of the original and the reproduced tank blast. Compared to the original, the spectrum of the reproduced blast peaks around 100 Hz and then drops off at lower frequencies. It should be noted that the loss of the lowest frequencies in the reproduced tank blast did not degrade realism, since these low frequencies are not intense enough to be heard in a 125-dB peak level blast. The reproduced blasts were subjectively judged to sound like the real blasts that occasionally penetrated into the HES chamber from daytime firing at Aberdeen Proving Ground. MD.
With the amplifier gain set to reproduce such an intense acoustic signal, the noise floor of the system was also audible. To eliminate this background noise, the blast signal was digitally gated. 
Subjects
Eighteen paid subjects (ten women and eight men) were drawn from the Center for Health Promotion and Preventive Medicine work force. Payment was in the form of overtime for the nights during which they slept in the HES chamber. Subject ages ranged between 30 and 60 years old. As directed by the Human Use Review Committee for the Human Research and Engineering Directorate of the Army Research Laboratory, all subjects received audiograms before and after noise exposure. No subjects were screened out on the basis of their audiograms. None suffered from a sleep disorder, and none were taking sleep medication or imbibing alcohol within the hour prior to the initiation of the 2200 "lights out" curfew.
Instrumentation
Sleep disturbance was measured with the Actiwatch manufactured by the Mini Mitter Co., Inc. As recommended by the manufacturer, the Actiwatch was worn on the nondominant hand. When the hand moves, the accelerometer registers the amount of movement and integrates the accelerometer count over a fixed number of seconds. Because Griefahn's study had shown maximum heart rate acceleration at 3 to 3.5 sec, the shortest period available on the Actiwatch was chosen. This period is 15 sec, and the default sensitivity settings recommended by the manufacturer were used. In addition to registering movement, the Acti-watch has a marker button. The Actiwatch registers the period during which the button was pushed but does not register the exact time it was pushed. Nevertheless, this marker button provided a simple way for subjects to report whether they were awakened by a blast. Figure 3 shows the Actiwatch as worn by one of the subjects.
At the end of each night of sleeping in the HES chamber, data from each Actiwatch was downloaded to Mini Mitter Corporation's proprietary software. This software provides a number of important statistics for evaluating the quality of sleep. 
Test Schedule
Subjects were run in groups of four. Testing was conducted on four consecutive nights, beginning on Monday night of a normal work week. Subjects were asked to arrive between 2100 and 2130 hours with their own linens and personal items. There were no reading lights in the tents, but subjects who were not sleepy at 2200 hours were given the option to go into an adjoining room and read.
The first group of four males was run without the "house filter" on the reproduced blast. Included in this initial group was the first author, who agreed with the other subjects that the unfiltered blast was too sharp and alerting. The awakening data from this initial group was discarded, 25 although one member of the group was later tested with the filtered signal.
Monday and Tuesday nights were periods of acclimatization. Subjects wore the Actiwatch but there were no blasts. Blasts occurred on Wednesday and Thursday night. To study changes in sensitivity during the hours of sleep, two blasts were presented each hour, beginning at 2300 and ending by 0500 hours (a total of 12 blasts per night). During each hour, one of the blasts was a nominal peak level of 110 dB and the other was a nominal peak level of 120 dB. The time of each blast was chosen randomly so that in any given hour, the lesser blast had the same probability of coming first as did the greater blast.
Subjects were asked to push the event marker on the Actiwatch whenever they heard a blast. To avoid confusion, subjects were asked to distinguish between blasts heard while they were awake and blasts that had awakened them. If they were awake when they heard the blast, they were asked to count to 30 after the first button push and then push the marker button a second time. When analyzing the data, the technician counted a subject as awake if there was a marker in the two sequential 15-second epochs following the blast. Subjects were also asked to fill out a data sheet stating when they thought they had fallen asleep and when they awoke in the morning. The technician operating the Mini Mitter software used this information as part of the quality assurance of the data.
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Statistical Methods
A logistic regression was used to determine the likelihood of waking, measured either as a mark or disturb response, comparing (1) the two decibel levels of the noise generated, 110 dB verses 120 dB, (2) the day on which the study was conducted, Wednesday or Thursday, (3) and the time of the evening, ranging from 2300 to 0500. Types of waking, mark or disturb, were analyzed separately. Hourly intervals, 2400 to 0100, 0100 to 0200, etc. were coded as 1, 2, etc. for ease of analysis. Some people were awake during a time period; therefore, the analysis was performed in three ways: (1) Awake time was eliminated from the analysis, (2) Awake time was treated as no response, and (3) Awake time was treated as a response. Statistical significance was defined as p<0.05.
Results
Regardless of the analysis of Awake time, similar results were observed for each type of response. In general, the decibel level had an effect on the response. The higher peak decibel level, 120 dB, was approximately 1.4 to 1.5 times more likely to wake someone than the 110-dB noise level (Refer to Column Exp(B) in Tables  1-6 ). This was significant at the p<0.10 level. Day of the study did not affect the response. However, time was observed in some analyses to have a slight effect on waking. It appeared that people at later times were less likely to respond than at the earliest time, 2300 to 2400.
Tables 1 through 6 display the output from the three logistic regressions for each type of response, Mark or Disturb. DAY(1) DECIBEL(1) TIME TIME(1) TIME(2) TIME(3) TIME(4) TIME(5) Constant
Step DAY(1) DECIBEL(1) TIME TIME(1) TIME(2) TIME(3) TIME(4) TIME(5) Constant
Step 1 a B S.E. Wald df Sig.
Exp(B)
Variable(s) entered on step 1: DAY, DECIBEL, TIME. a. TYPE = mark b.
Sleep Quality Statistics
An assumption in planning this study was that sleep quality would be degraded by merely sleeping in a strange environment, as observed by Fidell. 26 To test for this, some of the subjects wore the Actiwatch while sleeping in their own beds so that sleep quality could be compared between home and lab. The descriptive statistics of sleep quality were part of the standard analysis software available from the Mini Mitter Co., Inc. Some of these statistics, such as when the subjects fell asleep and when they awoke, were not useful in this particular study because the experimental design forced people into a uniform sleep schedule.
A more useful statistic was the percent of sleep spent in motion. As shown in Figure 4 , subjects sleeping at home spent a little more than 5 percent of the time in motion. Sleeping in the HES chamber during nights 1 thru 4, percent motion was between 7 and 8. This measure seemed to be insensitive to the presence or absence of blasts. 
